Background: Severe mental disorders are associated with elevated levels of inflammatory markers. In the present study, we investigated whether osteoprotegerin (OPG), a member of the tumour necrosis factor receptor family involved in calcification and inflammation, is elevated in patients with severe mental disorders. Methods: We measured the plasma levels of OPG in patients with severe mental disorders (n = 312; 125 with bipolar disorder and 187 with schizophrenia) and healthy volunteers (n = 239). Results: The mean plasma levels of OPG were significantly higher in patients than in controls (t 531 = 2.6, p = 0.01), with the same pattern in bipolar disorder and schizophrenia. The increase was significant after adjustment for possible confounding variables, including age, sex, ethnic background, alcohol consumption, liver and kidney function, diabetes, cardiovascular disease, autoimmune diseases and levels of cholesterol, glucose and C-reactive protein. Limitations: Owing to the cross-sectional design, it is difficult to determine causality. Conclusion: Our results indicate that elevated OPG levels are associated with severe mental disorders and suggest that mechanisms related to calcification and inflammation may play a role in disease development.
Introduction
The underlying pathological mechanisms of severe mental disorders (i.e., schizophrenia and bipolar disorder) are still largely unknown. These disorders are highly heritable complex genetic disorders that involve interplay between genetic and environmental factors. 1 Traditionally, schizophrenia and bipolar disorders have been considered distinct clinical entities. This assumption has, however, been challenged by new findings of similar genetic and biological factors that support a continuum hypothesis with overlapping genetic and pathophysiologic mechanisms. 2 Several lines of evidence have implicated the immune system in the development of severe psychiatric disorders. In schizophrenia, multiple studies have implicated infection during fetal life and childhood as possible contributing factors in the development of the disorder, 3 and several reports have suggested low-grade systemic inflammation in adult patients with schizophrenia. 4 Recent studies have also reported increased levels of inflammatory markers in bipolar disorder. [5] [6] [7] Inflammatory factors are involved in the response to mental stress, 8, 9 and the role of these mediators of inflammation in neurotransmission and plasticity in the central nervous system has recently been revealed, further suggesting a link between inflammatory cytokines and psychiatric disorders. necrosis factor receptor superfamily. It inhibits osteoclastogenesis by binding the receptor activator of nuclear factor-κB ligand (RANKL), acting as a decoy receptor to competitively inhibit RANKL interaction with its receptor RANK. The OPG-RANKL-RANK axis has been shown to have pleiotropic effects on bone metabolism, endocrine function and the immune system. Osteoprotegerin is involved in vascular calcification in atherosclerosis. [13] [14] [15] [16] High serum levels of OPG are associated with cardiovascular disease and are strongly predictive of long-term mortality in patients with acute coronary syndromes, even after adjustment for conventional risk markers. [17] [18] [19] [20] Osteoprotegerin has also been found to predict mortality in apparently healthy individuals. 21 The relation between OPG and cardiovascular disease is of particular interest for severe mental disorders, for which recent evidence indicates increased cardiovascular risk factors 22, 23 and mortality rates. 24, 25 It has been speculated that there may be common mechanisms involved in severe mental disorders and cardiovascular disease, and altered inflammation could be one such mechanism. 26 Based on the link between OPG and both inflammation and cardiovascular disorders, our aim was to investigate differences in OPG levels in a large and well-characterized population of patients with schizophrenia and bipolar disorder and sex-and age-matched healthy controls. Our hypothesis was that OPG levels would be elevated in patients with schizophrenia and bipolar spectrum disorder, without differences between the 2 disorders.
Methods

Participants
We included patients from the ongoing Thematic Organized Psychosis research study at the University Hospitals in the Oslo area between 2004 and 2007. We included patients aged 18 to 65 years who were registered with the psychiatric service of any one of the participating hospitals, those who met the DSM-IV criteria for schizophrenia or bipolar spectrum disorders and who were willing and able to give written informed consent. We excluded patients with a history of moderate or severe head injury and those with a neurologic disorder or mental retardation (intelligence quotient < 70). In the current analyses, we included consecutively referred patients with valid measurements of immunological markers and who were not using immunosuppressive drugs, non-steroidal antiinflammatory drugs or statins.
We randomly selected a representative control group of healthy volunteers from the statistical records from the same catchment area as the patients. The controls were contacted by letter inviting them to participate. In the current analyses, we included controls who had no history of medical problems, severe psychiatric disorders including alcohol or illicit substance abuse or dependency, or severe mental disorders in close relatives. In total, 239 consecutively recruited healthy controls had valid measurements of immunological parameters and were thus included.
All participants gave written informed consent to partici- 
Assessments
Trained clinical research personnel (psychiatrists and clinical psychologists) assessed all patients. The Structured Clinical Interview for DSM-IV Axis I Disorders (SCID-I) 27 was used for diagnostic purposes, and global symptomatology and functioning was measured by use of the Global Assessment of Functioning Scale (GAF; split version). 28 Interrater reliability was good, with an overall kappa score of 0.77 (95% confidence interval [CI] 0.60-0.94) for diagnoses and an intraclass correlation coefficient (type 1.1) of 0.86 for both symptom and function GAF scores.
The control participants were assessed by use of a structured interview and screened with the Primary Care Evaluation of Mental Disorders (PRIME-MD). 29 For all participants, the use of alcohol during the last 2 weeks before assessment was recorded. Blood samples were drawn between 8 am and 5 pm. The clinical chemistry parameters were analyzed at the Department of Clinical Chemistry, Oslo University Hospital, Ulleval, Oslo, Norway, on an Integra 800 (Roche Diagnostics) with standard methods. For immunological analysis, blood was drawn using ethylenediaminetetraacetic acid vials; the plasma was extracted the next working day and was stored at -80°C in multiple aliquots and thawed fewer than 3 times before analysis.
Immunological measures
We quantified the plasma levels of OPG in duplicate by enzyme immunoassay using commercially available matched antibodies (R&D Systems). The intra-and interassay coefficients of variation were less than 11%. 30 Plasma concentrations of C-reactive protein (CRP) were measured by enzyme immunoassay as described elsewhere. 31 
Statistical analyses
We performed all statistical analyses using SPSS software for Windows (version 15.0). All tests were 2-sided with a preset level of significance of 0.05. The OPG values were normally distributed. To test if the variance differed between groups, we used the Levene test for equality of variances. We performed a multiple linear regression analysis of the level of OPG to explore whether the group differences between patients and controls was due to confounding variables, which included age, sex, ethnic background, kidney function (creatinine), liver function (alanine aminotransferase), alcohol intake, autoimmune diseases, diabetes and glucose, known cardiovascular disease, and cholesterol and high-sensitivity CRP (hsCRP) levels. These variables were entered as independent variables, and group membership (patient v. control) was entered into the analysis during the final step. Differences in the level of OPG across the 2 diagnostic groups together with the controls were analyzed by use of a 1-way analysis of variance with a Tamhane post-hoc correction.
Results
Participants
We included a total of 312 patients; 187 with a DSM-IV diagnosis of schizophrenia spectrum disorder (schizophrenia, n = 143; schizophreniform, n = 11; schizoaffective disorder, n = 33) and 125 with a diagnosis of bipolar spectrum disorder (bipolar I disorder, n = 72; bipolar II disorder, n = 45; bipolar not otherwise specified, n = 8). The patients with bipolar disorder had a mean GAF score of 59 for symptoms and 57 for function. The patients with schizophrenia had GAF scores of 41 for symptoms and 42 for function. We included 239 consecutively recruited healthy controls.
There were no differences in age and sex between the patient group and the control group, but the controls had a significantly higher rate of European ancestry ( Table 1 ). The schizophrenia group had higher proportion of men than the bipolar and control groups. At the time that blood samples were collected, 13% of patients in the bipolar disorder group and 7% of the schizophrenia group were not taking medication. None of the participants in the control group were taking any medications.
In total, 70% of the patients (n = 216) were taking antipsychotics: olanzapine (n = 105, 34%), quetiapine (n = 24, 8%), ziprasidone (n = 18, 6%), risperidone (n = 16, 5%), aripiprazole (n = 13, 4%), perfenazine (n = 15, 4%), clozapine (n = 11, 4%), amisulpride (n = 3, 1%), zuclopenthixol (n = 4, 1%), haloperidol (n = 3, 1%) and chlorprothixene (n = 2, 1%). A total of 31% were taking mood-stabilizing agents: lamotrigine (n = 44, 14.1%), valproate (n = 26, 8.3%), lithium (n = 23, 7.4%), carbamazepine (n = 5, 1.3%) and topiramate (n = 1, 0.3%). A total of 32% were taking antidepressive medications: selective serotonin reuptake inhibitors (n = 65, 21%), venlafaxine (n = 21, 6.7%) and mirtazapine (n = 14, 4.5%).
Of the patients, 2% were regularly taking medications for somatic disorders (insulin, cetirizin, omeprazol, metoprolol and diclofenac). None used anticoagulants. Fifty-five percent of the patients were current smokers (56% of the schizophrenia patients, 54% of the bipolar disorder patients). We did not have information about the smoking habits of the controls, but among patients, there was no correlation between smoking and OPG levels. Of the patients, 7% had used illegal substances in the previous 2 weeks, 1% had diabetes, 4% had cardiovascular disease and 4% had an autoimmune disorder (autoimmune thyroiditis n = 8, psoriasis n = 2, ankylosing spondylitis n = 1, celiac disease n = 1, regional enterocolitis n = 1).
Osteoprotegerin levels
The mean OPG level was 10% higher in the patient group (mean 2.78 ng/mL, standard deviation [SD] 1.47 ng/mL) than in the control group (mean 2.52 [SD 0.92] ng/mL; t 531 = 2.6, p = 0.011; Table 2 ). The comparison of OPG levels across †Data missing for 5 controls, 7 schizophrenia and 6 bipolar disorder patients. ‡One unit of alcohol = 10 mL. §Data missing for 28 controls, 11 schizophrenia and 2 bipolar disorder patients. ¶Use of illegal drugs in the previous 2 weeks. **p < 0.05, significantly different compared with controls. the 3 groups (schizophrenia, bipolar disorders and controls) indicated a significant between-group difference (F 550 = 3.1, p = 0.046); however, none of these group differences was statistically significant after correction for multiple testing (bipolar disorder v. controls, p = 0.08; schizophrenia v. controls, p = 0.20; schizophrenia v. bipolar disorder, p = 0.94).
We performed further analyses of the mean OPG levels according to diagnosis subtype: schizophrenia (n = 143), mean 2.72 (SD 1.36) ng/mL; schizophreniform (n = 11), mean 2.25 (SD 0.67) ng/mL; schizoaffective disorder (n = 33), mean 3.04 (SD 2.13) ng/mL; bipolar 1 (n = 72), mean 2.76 (SD 0.05) ng/mL; bipolar not otherwise specified (n = 8), mean 2.22 (SD 0.34) ng/mL; and bipolar 2 (n = 45), mean 3.06 (SD 0.92) ng/mL. Although there were some differences between the diagnostic subgroups, they were not statistically significant.
The regression analyses indicated that OPG levels were significantly elevated in the patient group compared with the control group after adjustment for possible confounders (t 485,12, 473 = -1.97, p = 0.049; Table 3 ). There were slightly more women in the control group (56%) than in the patient group (50%). Women had higher OPG levels (mean 2.84 [SD 1.35] ng/mL) than men (mean 2.48 [SD 1.14] ng/mL; p = 0.001), but the group-by-sex interaction term was not significant in the whole sample (p = 0.35).
The known risk factors for cardiovascular disease, cholesterol and hsCRP, were weakly, but significantly, correlated with OPG level (cholesterol, r = 0.14; hsCRP, r = 0.17; p < 0.001). A diagnosis of cardiovascular disease or diabetes was not correlated with OPG level. Osteoprotegerin level was weakly negatively correlated with creatinine level (r = -0.09, p = 0.04). The variation in OPG levels was higher in patients than in controls (F = 9.5, p = 0.002; Fig. 1 ).
Subgroup analyses
The use of antipsychotic drugs may be associated with inflammatory response. 32 We therefore performed subgroup analyses by medication. Patients not taking antipsychotics (n = 80) had significantly higher OPG levels than did controls (mean 2. Patients who had used illegal drugs within the 2 weeks before testing did not have different OPG levels than the patients who had not used illegal drugs. Within the patient group as a whole, high OPG levels were positively correlated with age (r = 0.15, p < 0.001) and female sex (r = 0.15, p < 0.001).
The bipolar group included more women than men. Because both the women and bipolar patients tended to have higher OPG levels, we tested whether sex differences were confounding the differences in OPG levels between the schizo phrenia and bipolar groups. Multiple linear regression analyses by OPG level in patients revealed that the group-by- sex interaction term was significant (t 284 = 2.0, p = 0.049). However, there were no significant differences in OPG levels between the schizophrenia and bipolar groups after adjustment for group, sex and other potential confounders. Adding group-by-sex as a factor did not affect the result. The levels of OPG were not significantly correlated with smoking status in patients. To further investigate whether the elevated OPG levels were confounded by smoking, we compared OPG levels in nonsmoking patients and controls. The OPG levels in nonsmoking patients (n = 136) were significantly higher than in the controls (mean 2.84 [SD 1.51] ng/mL v. mean 2.52 [SD 0.92] ng/mL; t 194 = 2.2, p = 0.026). The nonsmoking patients had similar OPG levels as patients who smoked (mean 2.74 [SD 1.47] ng/mL; t 312 = 0.57, p = 0.58).
To test whether elevated body mass index (BMI) in the patient group was a confounding variable, we analyzed the subgroup of individuals for whom BMI was available (297 patients and 29 controls). There were no significant correlations between OPG levels and BMI (r = 0.03, p = 0.6). We compared OPG levels in nonobese participants (BMI < 30; n = 239 patients with mean BMI of 24.1 [SD 3.26] ) with the control group. The patients with normal BMIs had significantly higher OPG levels than the controls (mean 2.79 [SD 1.5] v. mean 2.52 [SD 0.92]; t 391 = 2.3, p = 0.021). We also controlled for BMI-related metabolic factors (i.e., glucose and cholesterol) in the analysis (Table 3 ).
Discussion
Our main finding was an increase in the plasma levels of OPG in patients with severe mental disorders, with a similar increase in schizophrenia and bipolar disorders. As we expected, OPG levels were correlated with age, sex, hsCRP and cholesterol but not with smoking or BMI. However, the association between OPG and severe mental disorders was independent of these potential confounding variables. Our findings add to those of an association between inflammation markers and severe mental disorders. 4, 6, 33 To the best of our knowledge, this is the first study to address the levels of OPG in schizophrenia or bipolar disorder. The role of OPG has been investigated in other psychiatric disorders. One of these studies found that OPG levels were increased in young women with major depressive disorder, 34 whereas another study reported reduced OPG levels in female patients with depression and a history of anorexia. 35 However, in these studies, very few women were evaluated (i.e., 13 and 24, respectively). We included a large number of patients of both sexes, and our findings suggest that alterations in OPG levels could reflect or be involved in the pathophysiology of severe mental disorders. At present, however, how OPG is related to disease mechanisms is largely unknown.
Osteoprotegerin may be related to inflammatory endothelial processes resulting in calcification, 36, 37 which leads to cardiovascular disorders and may also affect the brain. 13, 15 In this way, OPG could affect the blood-brain barrier and induce neurotoxic effects, resulting in the smaller brain volumes that have been associated with OPG 38 as well as with severe mental disorders. 39, 40 We found that OPG levels were correlated with cardiovascular risk factors such as cholesterol and hsCRP. The increase in OPG levels in the severe mental illness groups remained significant after adjustment for these factors. Patients without diabetes or cardiovascular disease did not have lower levels of OPG. Other studies involving patients with cardiovascular disorders from Scandinavia 17, 41, 42 have reported OPG levels in similar ranges as ours. Thus, we previously reported that OPG levels comparable to those found in the patient groups in the present study (> 2.9 ng/mL) are associated with increased cardiovascular morbidity or mortality in patients with stroke or acute coronary syndrome. 17, 42 However, we have no prospective data, and further studies should examine whether OPG levels predict cardiovascular mortality in patients with severe mental disorders. Osteoprotegerin is a predictor of cardiovascular disease in apparently healthy individuals and in patients with acute coronary syndrome independent of other cardiovascular risk factors, and the levels of OPG are not correlated with smoking habits or BMI. 17, 21, 43, 44 It is tempting to hypothesize that increased OPG levels could also be related to the increased mortality from cardiovascular disease in severe mental disorders. 22 The molecular mechanisms involved in the effect of OPG are largely unknown. However, OPG has been shown to promote matrix metalloproteinase (MMP)-9 activity, which was recently suggested to be involved in the pathogenesis of schizophrenia and bipolar disorder. 45, 46 Osteoprotegerin promotes MMP activity both directly and indirectly (i.e., by stabilizing RANKL activity). 45, 47, 48 The role of OPG in calcium homeostasis could also be pathophysiologically relevant. Calcium signals regulate OPG expression, 49, 50 and a calcium antagonist traditionally used to prevent cardiovascular disease was recently found to have neuroprotective effects. 51 Although speculative, any pathophysiological relevance of OPG could be is connected to cyclooxygenase (COX). Osteoprotegerin expression is related to COX-2 activity, 52 and treatment with a COX-2 inhibitor has been shown to be an effective adjunctive treatment in schizophrenia. 53 However, at present, the relation between calcium homeostasis, COX-1, OPG and mental disorders is unknown. Taken together, OPG level appears to be a stable and reliable marker not only of bone homeostasis and vascular calcification but also of inflammation, potentially mirroring 2 interacting pathogenic processes in severe mental disorders.
Limitations
The present study was cross-sectional, as are most studies in the field of immunology in psychiatry. This limits the discussion of causality. Although we controlled for many important confounding variables, we cannot rule out other confounders. Smoking could affect the findings, but it did not affect the OPG levels in patients. Antipsychotic medication has been found to be associated with both inflammatory and anti-inflammatory effects; 54 thus, we cannot rule it out as a confounding variable. However, this is not likely because the levels of OPG were not correlated with medication use, and the unmedicated patients had higher levels of OPG than the medicated patients.
There was a larger standard deviation in OPG levels among patients than among controls. This could be of potential interest for understanding the role of OPG in severe mental disorders, and it should be further examined. It would also be of interest to study OPG in major depressive disorder, in which inflammation has been implicated.
Conclusion
The main result of the present study was an increase in the inflammatory marker OPG in severe mental disorders; this increase was present after adjustment for possible confounding factors. This further supports a role of immunological factors in the pathology of severe mental disorders; however, additional studies are needed to investigate the pathophysiological mechanisms.
